The basal promoter of the human gene encoding 70-kDa heat shock protein (HSP70) controls maximal transcriptional activity and serum-regulated expression. We demonstrate that the three promoter elements defined by in vivo studies-CCAAT, serum-regulated element (SRE), and "TATA"-correspond to protein-binding sites in vitro. The promoter interactions with protein factors in HeLa cell crude nuclear extracts were detected by an exonuclease m digestion assay. The sequence specificity was demonstrated with promoter probes containing wild-type sequences or unique linkerscanner mutations that alter each of the elements. We suggest that the protein factor binding to the SRE is involved in the serum-regulated expression of the human gene for HSP70.
The expression of the human gene for 70-kDa heat shock protein (HSP70) is induced by a wide range of stimuli, including physiological stress such as heat shock and heavy metals or during cell growth after serum stimulation. In either case, expression is regulated at the primary level of transcription. The human HSP70 gene promoter contains at least two regulatory domains: one that is required for heat shock and metal induction and a separate element that is required for serum stimulation (1) .
The basal promoter of the human gene for HSP70 resides within 70 base pairs (bp) ofthe transcription initiation site and is essential for wild-type levels of transcriptional activity in control cells and is required for serum inducibility. The basal promoter contains three elements: an inverted "CCAAT" at -68, a serum-regulated element (SRE) at -58, and a "TATA" at -28. Two of these elements, CCAAT and TATA, are common to the promoters ofmany eukaryotic class II genes (2) . The third element, the SRE, was proposed because a 5' deletion mutation to position -58 remained serum-inducible, whereas a mutation to position -47 was unresponsive (1) .
We present evidence that these promoter elements, identified by in vivo analysis, correspond to protein binding sites in vitro. Exonuclease III assays were conducted with HeLa cell crude nuclear extracts and promoter probes containing either wild-type sequences or unique "linker-scanner" deletion mutations used to show the sequence specificity of the promoter-protein interactions.
MATERIALS AND METHODS
Construction of Linker-Scanner Mutations. Linker-scanner mutations were generated by the method ofHaltiner et al. (3) . The Fig. 2A, lane 3) . Therefore, the -52 band is associated with protein binding to the SRE. The -18 band is not significantly affected by either of the mutant probes. However, we noticed that the -32/-34 band associated with binding to the SRE increased in relative intensity with the CCAAT-mutant LS 73/63 probe ( Fig. 2A, lane 2) , and the -52 band associated with binding to CCAAT increased in relative intensity with the SRE-mutant LS 57/47 probe ( Fig. 2A, lane 3) .
The distal boundaries detected with the wild-type Ssp I-Hinfl 32P-labeled probe correspond to positions -76, -68, -66 and -36 (Fig. 2B, lane 1) . The -76 band was not detected with the CCAAT-mutant LS 73/63 probe (Fig. 2B, lane 2) and, therefore, corresponds to the distal boundary of protein binding to the CCAAT element. By the same logic, the -68/-66 doublet that was not detected with the SREmutant LS 57/47 probe (Fig. 2B, lane 3) corresponds to the distal boundaries of protein binding to the SRE. The major exonuclease III-resistant band at -36 flanking the TATA element increased in relative intensity with the SRE-mutant LS 57/47 probe (Fig. 2B, lane 3) . We also observed that the relative intensity of the -68/-66 doublet associated with binding to the SRE increased with the CCAAT-mutant LS 73/63 probe (Fig. 2B, lane 2) .
Binding to the SRE resulted in two exonuclease IIIresistant bands for both distal and proximal boundaries (Fig.  3) . The distal -68 and -66 bands detected with the Ssp I-Hinfl 32P-labeled probe were abolished by the SRE-mutant LS 57/47. However, of the proximal -32 and -34 bands detected with the 32P-labeled Hae III-Hpa II probe, only the -34 band was completely abolished by LS 57/47. The -32 band was merely reduced. Perhaps the residual -32 band (Fig. 2, lane 3) is an intrinsic exonuclease III pause and not the result of protein binding. Different preparations of these probes display an intrinsic -32 band of varying intensities in the absence of extract ( Fig. 2A, lanes 4-6) .
We conclude that protein-binding to the CCAAT element protects the region -76 to -52 from exonuclease III digestion. Protein binding to the SRE protects the region -68/-66 to -34/-32. These boundaries are summarized in Fig. 3 .
Detection of Sequence-Specific Binding to the TATA Element. The boundaries of protein binding to the TATA element were identified with the mutant LS 40/26 (Fig. 1) . This linker-scanner mutant did not completely alter the TATA element, converting the wild-type sequence TATA-AAAGC to CGTAAAAGC. The distal boundary was examined with Ssp I-Hinfl 32P-labeled probes. The -36 band detected with the wild-type probe (Fig. 4A, lane 1) was not detected in the absence of nuclear extract (Fig. 4A, lane 3) and was reduced substantially in relative intensity with the LS 40/26 probe (Fig. 4A, lane 2) . Therefore, the -36 band corresponds to the distal boundary of protein binding to the TATA element. We note that the LS 40/26 probe also reduced the relative intensity ofthe -76 band associated with CCAAT and increased the relative intensity of the -68/-66 doublet associated with SRE (Fig. 4A, lane 2) . The proximal boundary of protein-binding to the TATA element was identified with 32P-labeled Ssp I-Hinfl probes (Fig. 4B) . The -22 band was substantially reduced with the TATA-mutant LS 40/26 probe (Fig. 4B, lane 2) and was not detected in the absence of extract (Fig. 4B, lane 3) . Therefore, the -22 band corresponds to the proximal boundary of protein binding to the TATA element. Both the -36 (Fig. 2B ) and the -22 ( 4C) bands associated with binding to TATA increased in relative intensity with the SRE-mutant LS 57/47 probes. We conclude that protein-binding to the TATA element protects a region from -36 to -22 from exonuclease III digestion. A summary of these boundaries is shown in Fig. 3 .
DISCUSSION
We have demonstrated that the basal promoter of the human gene for HSP70 is composed of at least three protein-binding sites in vitro. The sequence specificity of each binding site was confirmed by unique linker-scanner mutations. The boundaries of protein-promoter interaction at these sites were defined by resistance to exonuclease III digestion: a 14-bp region (-36 to -22) at the TATA element, a 24-bp region (-76 to -52) at the CCAAT element, and a 36-bp region (-68 to -32) at the SRE. A rather large protected region is positioned asymmetrically over the SRE unlike the protected regions centered over the CCAAT or TATA Fig. 3 and to undigested probe.
elements. Although we have not systematically analyzed other sequences within the 36-bp protected region, our initial inquiry using the linker-scanner LS 45/35 showed that binding to the SRE remained unaltered (data not shown).
We have not proven formally that distinct proteins are interacting at each site; however, we infer from the results of other laboratories that at least two factors are distinct. Two of the binding sites, the CCAAT and TATA elements, are shared among many eukaryotic promoters (2) . Protein factors that bind to these sites have been partially purified and appear to be distinct. The CCAAT element of the herpes simplex virus thymidine kinase gene binds to a factor called CTF (CCAAT-transcription factor) purified from HeLa cell nuclei (9) and to a similar factor called CBP (CAT binding protein) purified from rat liver nuclei (10) . CTF also binds to the CCAAT element of the human HSP70 gene basal promoter and results in a 26-bp region of resistance to DNase I cleavage (11) . TFIID (transcription factor IID), a factor purified from HeLa cell nuclei, binds to the TATA element and protects a 10-bp region on the adenovirus type 5 (Ad5) major late promoter (12) . A 20-bp region of the Drosophila HSP70 gene promoter containing the TATA element is protected by TBF (TATA binding factor), a factor isolated from Drosophila nuclei (8) .
By exonuclease III digestion, the boundaries of protein binding to the SRE overlap the boundaries of protein binding to the CCAAT and TATA elements (Fig. 3) . Therefore, we may expect to see an effect of a mutant site on the utilization of the adjacent unaltered sites. For this inspection, it is important that the loss of binding to the mutant site is not artificially enhancing the detection of binding to the adjacent sites by simply relieving a "roadblock" to exonuclease III digestion. Therefore, the mutant site must be "downstream," relative to the direction of exonuclease III digestion, from the unaltered site under examination. The CCAAT-mutant LS 73/63 32P-labeled Hae III-Hpa II probe displays increased relative intensity of bands corresponding to binding at SRE (Fig. 2A, lane 2) . This suggests that protein binding to CCAAT may affect the accessibility of binding to SRE. Another example of interaction among the binding sites is the increased SRE and decreased CCAAT binding detected with the TATA-mutant LS 40/26 Ssp I-Hinfl 32P-labeled probe (Fig. 4A, lanes 1 and 2) . The interaction between TATA and CCAAT may be explained by the stabilization of binding to the CCAAT offered by binding to TATA. An analogous interaction between USF (upstream stimulatory factor) and TFIID has been documented for the Ad5 major late promoter (12) . The interaction between TATA and SRE may be direct or indirect-i.e., the increased detection of binding to SRE resulting from the destabilization of binding to CCAAT. However, the increased binding to TATA detected with the SRE-mutant LS 57/47 32P-labeled Ssp I-Hinfl probe (Fig. 4C) argues for a direct interaction between binding to TATA and SRE. We suggest that the interaction among factors binding to these promoter elements will contribute to the transcriptional activation of the human HSP70 gene's basal promoter.
The SRE of the human HSP70 gene promoter lies within -57 to -47 as defined by in vivo expression studies and in vitro binding assays. Within this purine-rich region is a 6-bp core sequence GGGAAA that is common to simian virus 40 and Ad5 viral enhancers (13) (14) (15) and to human genes for interferon p (INFB) (16), c-fos (FOS) (17) , and interleukin 2 (IL2) (18) promoters (the designation of a human gene is in parentheses; Table 1 ). A point worth noting is that these cellular promoters are growth-regulated, as is the HSP70 gene promoter. We propose that the factor(s) binding to the SRE is involved in growth-regulated expression of the HSP70 gene. The negatively regulated IFNB promoter consists of a negatively acting element positioned in between an upstream positively acting element and the TATA element (15) . The organization of the human HSP70 basal promoter resembles this motif-the SRE positioned in between an upstream CCAAT and the TATA elements. Considering that in vitro binding to the SRE overlaps with binding to both CCAAT and TATA and that binding of protein factors to the SRE appears to affect the efficiency of promoter-protein interactions at CCAAT and TATA, the in vivo binding to the SRE under conditions of serum starvation may possibly repress HSP70 expression.
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